Human cytochrome P450 3A7 (CYP3A7) and cytochrome P450 3A4 (CYP3A4) are hepatic metabolising enzymes which participates in the biotransformation of endo-and exogenous substances in foetuses and neonates respectively. These CYP3A enzymes display an inverse relationship: CYP3A7 is the dominant enzyme in the foetal liver, whereas the expression of CYP3A4 is low. After parturition there is a shift in the expression, thus CYP3A7 is down regulated, while the level of CYP3A4 gradually increases and becomes the dominant metabolising CYP3A enzyme in the adult. The minipig is increasingly being used as a model for humans in biomedical studies, because of its many similarities with the human physiology and anatomy. The aim of this study was to examine whether, as in humans, a shift is seen in the hepatic expression of a CYP3A7-like enzyme to cytochrome P450 3A29 (CYP3A29) (an orthologue to the human CYP3A4) in minipigs. This was elucidated by examining the hepatic mRNA expression of CYP3A7 and CYP3A29 in 39 foetuses and newborn Göttingen minipigs using quantitative real time polymerase chain reaction (qPCR). Furthermore the immunochemical level of CYP3A7-LE and CYP3A29 was measured in liver microsomes using western blotting. The expression of CYP3A29 was approximately 9-fold greater in neonates compared to foetuses, and a similar difference was reflected on the immunochemical level. It was not possible to detect a significant level of foetal CYP3A7 mRNA, but immunoblotting showed a visible difference depending on age. This study demonstrates an increase in the expression of CYP3A29, the CYP3A4 orthologue in perinatal minipigs as in humans, which suggests that the minipig could be a good model when testing for human foetal toxicity towards CYP3A4 substrates.
Introduction
To gain knowledge of pharmacological and toxicological properties of new chemical compounds they are studied using laboratory animals. However some metabolic difference exists among species, which complicates the extrapolation of results from animal models to humans. 1 For this reason it is relevant to clarify, whether the species used in these experiments have metabolising characteristics comparable to humans.
Since the 1980s, the minipig has been a popular alternative to the traditional nonrodent species in pharmacology and toxicology studies because of its many similarities with the human physiology and anatomy. [2] [3] [4] It has been shown that the expression of a minipig cytochrome P450 3A (CYP3A) enzyme is comparable with the human cytochrome P450 3A4 (CYP3A4) enzyme. 5, 6 However it is unknown whether the minipig foetus and the human foetus express comparable metabolising enzymes.
Human CYP3A constitute some of the most important hepatic isoenzymes as they account for 30 percent of the total cytochrome P450 complex. 7 It is assumed that CYP3A isoenzymes are involved in the biotransformation of more than half of the therapeutic agents which undergo metabolic oxidation. 8 Two human CYP3A, CYP3A4 and cytochrome P450 3A7 (CYP3A7), exhibit an inverse expression pattern. [9] [10] [11] In minipigs however only one of these isoenzymes, the CYP3A4 like enzyme, has been characterized and the mRNA sequenced.
CYP3A7 has been termed foetus-specific, as this is the dominant isoenzyme in the liver of human foetuses until birth. Its hepatic expression has been demonstrated as early as 50 days after conception. 9, [12] [13] [14] Around time of birth the expression of CYP3A7 is remarkably reduced whereas the expression of CYP3A4 gradually increases. Within the first year of life, the hepatic CYP3A7 level declines to very low quantities and CYP3A4 becomes the dominant isoenzyme in the liver of adult. [9] [10] [11] 15 During foetal development the hepatic CYP3A4 expression accounts for less than 10% of the adult level until birth, after which the expression gradually increases and becomes the dominant CYP3A isoform in the liver of adults, 9,16 playing a considerable role in the biotransformation of xenobiotics. 17 The cytochrome P450 3A29 (CYP3A29) isoenzyme of pigs and minipigs have been shown to have similar enzymatic activity to the human CYP3A4 6, 18, 19 and Anzenbacherova et al. 20 found that the binding site of CYP3A29 and CYP3A4 is well conserved, suggesting that these enzymes share common characteristics. As the human foetus has a metabolism independently of the mother, it is important that the species used to test for foetal toxicity exhibit a metabolism resembling the metabolism of human foetuses. The animal species most used when testing for teratogenicity are the mouse and rat classified as rodents, and the rabbit as the non-rodent species. 21, 22 Since minipigs increasingly are being used in pharmacological and toxicological tests, the aim of this study was, to examine the hepatic expression profile of CYP3A enzymes of foetuses and newborn Göttingen minipigs. This was investigated to clarify whether there exists a comparable shift in the expression from a CYP3A7-like enzyme to CYP3A29 around the time of birth, supporting the use of this species as model for human foetal toxicity.
Materials and Methods

Animals
Liver tissue was obtained from 39 Göttingen minipigs: 19 foetuses (9 males and 10 females) approximately 100 days after fertilization and 20 neonates (10 males and 10 females) about 24 hours old. Dams were fed commercial chow restrictively and provided with water ad libitum. No CYP induction was performed. The dams were killed by use of captive bolt pistol and exsanguination. The placenta containing the foetuses was retrieved from the dam just after it was killed. This procedure was chosen to avoid any influence on gene expression. The foetuses were killed by decapitation and neonates were killed by a blow to the head followed by decapitation and exsanguination. Handling of the animals was performed by experienced, authorized people and in accordance to Danish legislation. Liver tissue was removed and frozen within 10 to 15 minutes. Liver samples for RNA later were obtained from lobus hepatis sinister medialis, the rest of the liver was put on dry ice and afterwards stored at -80ºC. The animals were kindly donated by Ellegaard Göttingen Minipig A/S, Dalmose, Denmark.
Chemicals
RNA isolation kit: NucleoSpin RNA II from Macherey-Nagel (AH diagnostics, Aarhus, Denmark), C-03, RT 2 First Strand Kit from SABiosciences (Tebu-bio Aps., Roskilde, Denmark), Real-Time PCR reaction kit the LightCycler 480 SYBR Green I from Roche Diagnostics (Mannheim, Germany), Primers for the Real-Time PCR reaction were synthesized by TAG Copenhagen A/S (Copenhagen, Denmark). Gels for electrophoresis were purchased from GE Healthcare (Waukesha, WI, USA). The antibodies were obtained from BioSite (San Diego, CA, USA) cat. # AP7898c (CYP3A7), Gentest (Prague, Czech Republic) cat. # 458254 (CYP3A4), GE Healthcare cat. # RPN1004 (anti-rabbit) and Dako Denmark A/S (Glostrup Denmark) code E0433 (anti-mouse). All other chemicals were of analytical grade.
RNA extraction and first strand cDNA synthesis
Total RNA was extracted from about 30 mg of frozen liver tissue stored in RNA later at -18ºC using the NucleoSpin RNA II kit (AH diagnostics) following the kit manual. The RNA concentration was determined by the Thermo Scientific NanoDrop 1000 spectrophotometer (Saveen Werner AB, Malmö, Sweden). Each sample was diluted to 250 ng/μL and 1.6 μL was treated with 0.4 μL DNA elimination buffer by incubation at 42ºC in 5 minutes and subsequently put on ice for at least 1 minute. First Strand cDNA synthesis was performed using C-03, RT2 First Strand Kit (Tebu-bio Aps.) according to user's manual.
Quantitative mRNA estimation, real-time polymerase chain reaction Primers for CYP3A4 (human), 23 CYP3A7 (human) 16, 24 and reference genes: RPL4, SDHA and TBP (porcine) 25 have been chosen on the bases of existing literature. Finally porcine primers were designed for CYP3A29 using a primer design tool at the National Center for Biotechnology Information (NCBI) homepage. 26 Nucleotide sequences, species specificity and product sizes are listed in Table  1 . Real-time PCR reaction was set up according to kit manual and optimized with respect to primer concentration, cDNA concentration and annealing temperature.
The final 20 μL PCR reactions contained 20 ng of transcribed RNA and the primer concentrations 1µm. The Multiwell Plate was loaded into the LightCycler ® 480 (Roche) and the following PCR program was used: pre-incubation for 2 min and then 40 cycles, denaturation 10s at 95ºC, annealing 30s at 56ºC and synthesis 30 sec at 72ºC, followed by a melting curve analysis. Negative controls were set up omitting either the cDNA or primers.
Each sample and its associate CYP genes of interest was normalized on the basis of the mean of the three reference genes' Cp values, which served as an endogenous control functioning as a baseline. Thus the results are given as the relative expression of the gene of interest compared to the reference genes, using the formula: NCYP=2 DCp , where NCYP is the N-fold expression of the CYP gene relative to baseline and DCp is the difference between Cp (CYP) and Cp (mean reference genes).
DNA isolation
Chromosomal DNA was isolated using the illustra triplePrep Kit from GE Healthcare according to manual, and PCR reactions were set up using 50 ng of DNA for each 20 μL reactions.
Isolation of liver microsomes
The liver was homogenized in 15 mL 50 mM Tris. HCl buffer containing 0.25 M sucrose and 1 mM ethylenediaminetetraacetic acid. The homogenate was centrifuged at 9000xg at 4°C for 30 minutes. Afterwards the supernatant was transferred to new tubes and once again centrifuged at 105,000xg at 4°C for 30 minutes. The supernatant was removed and the pellet containing the microsomes was resuspended and homogenized in storage buffer (0.154M KCl, 0.01M Hepes, 0.001M EDTA, 20% glycerine, pH 7.6), put on straws and frozen in liquid nitrogen.
Western blotting
Microsomal protein (2 mg/mL, 20 μg/lane) was separated by SDS-PAGE gel electrophoresis using the Multiphor II electrophoresis unit (Pharmacia, LKB Biotechnology AB, Uppsala, Sweden) and the Electrophoresis Power Supply -EPS 3500 from Pharmacia LKB Biotech. The proteins were transferred to a Hybond-ECL (GE Healthcare) nitro-cellulose membrane. The membrane was incubated 2 hours with the primary antibody, anti-human CYP3A7, diluted 137.5 times in 2% skimmed milk-TBS followed by the secondary antibody, anti-rabbit IgG, and the bands were visualized using the ECL reagents in combination with the UVP BioSpectrum ® Imaging System (Upland, CA, USA). Afterwards the membrane was stripped, and incubation was repeated with anti-human CYP3A4 as the primary antibody and anti-mouse IgG as the secondary antibody, as described earlier. 6 Human recombinant CYP3A7 and CYP3A4 proteins were used as positive controls.
Statistics
Univariate linear regression followed by the natural logarithm transformation and the analysis of variance (ANOVA) were conducted using R commander, version 1.5-4. 27 P<0.05 was accepted as a statistically significant difference. The factors age and sex were examined against CYP3A29 and CYP3A7-LE and additionally it was investigated if there were possible interaction between these factors. For the foetuses a time variable was included to investigate, whether gene expression was influenced by the time passed in minutes, from the dam was killed, to the foetal organs were frozen. 
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Results
Real-time polymerase chain reaction
The expression of CYP3A7-LE and CYP3A29 were investigated and estimated from the mRNA level in the liver of 19 foetuses and 20 neonates Göttingen minipigs. Results are given as the relative expression of the respective CYP gene for the individual animal, that is, they reflect how many times (N-fold) the respective gene is expressed compared to the reference genes.
All of the Cp values for CYP3A7-LE were >35, which means that it was not possible to demonstrate an expression of CYP3A7-LE mRNA in the liver from Göttingen minipigs under the given circumstances.
In general the relative expression of CYP3A29 was higher for neonates than for foetuses ( Figure 1 ). This was confirmed by the statistical data analysis, ANOVA, showing a significant difference in the relative expression of CYP3A29 in neonates compared to foetuses (P<5,208 -16 ), foetuses mean 0.0461 (0.0371; 0.0649) and neonates mean 0.4252 (0.243; 0.7441). The difference in CYP3A29 depending on age is visualized in Figure 2 . CYP3A29 mRNA expression was approximately 9-fold higher in neonates compared to foetuses, corresponding to an up regulation of more than 800% in comparison to foetuses. No sex differences were detected (P=0.65).
Positive result were obtained using chromosomal DNA and the CYP3A29 primers, whereas no amplification was obtained when using the CYP3A7-LE primer pairs.
Western blotting
Western blotting using a CYP3A7 primary antibody revealed nice single bands, with the immunochemically determined protein concentration being obviously higher for foetuses than for neonates (Figure 3) .
The immunochemically determined protein concentration of CYP3A29 followed the same pattern as the results obtained from real-time PCR with highest concentration in the neonates (Figure 3) .
Discussion
This is the first papers investigating and comparing the hepatic expression of CYP3A29 between foetuses and neonates Göttingen minipigs, and the first study that measures a CYP3A7-like enzyme in Göttingen minipigs. This is relevant as the human orthologues play a detrimental role in metabolising several xenobiotics in adults and foetuses respectively. 17, 28 Since the minipig is used as a model for humans in biomedical studies, it is important to clarify, whether this species expresses comparable CYP enzymes to humans of similar age. 2, 6 So far no single animal species stands out as being the best model for human foetal toxicity; however species used should exhibit similar rates as well as pathways of xenobiotic metabolism. 22 The hepatic mRNA expression and protein level of the isoenzymes CYP3A29 and a CYP3A7-like enzyme of Göttingen minipig in the present study can provide valuable references for evaluating the usefulness of Göttingen minipig as model for human foetuses and neonates.
Results from human studies indicate that it should have been possible to measure the expression of a CYP3A7-like enzyme in both foetuses (gestational day 100 out of 114) and neonates (approximately 24 hours old) Göttingen minipigs, if they transcribed such an enzyme with a similar expression pattern as CYP3A7 in humans. 9, 14, 29 However this was not possible at mRNA level. There can be several potential explanations for this. It might be that the Göttingen minipigs included in the experiment did not express this gene, or, alternatively, the primers selected did not hybridize well. However western blotting revealed nice single bands and signals were visibly stronger for foetuses than for newborn Göttingen minipigs, indicating that there was a pre-or post transcription down regulation of a CYP3A7-like gene. This suggests that the primers used for real-time PCR have not been functional. Since the primers used in this experiment were of human origin, it is likely, that there exist some variation in the primerspecific regions between the human CYP3A7 and a CYP3A7-like gene in Göttingen minipig. Amplification reactions using chromosomal DNA confirmed that the primer pairs for CYP3A7 did not function, as no amplification was seen. However the bands appearing in the Western Blot could also be due to cross hybridization to other CYP3A variant.
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Results from real-time PCR revealed that the relative expression of hepatic CYP3A29 in Göttingen minipigs was significantly different depending on age. This corresponds well with published results from studies dealing with the hepatic expression of CYP3A4 in human foetuses and neonates. 9, 15, 18 A similar up regulation has been demonstrated for CYP3A4 in humans. Lacroix et al. 9 found that the hepatic CYP3A4 mRNA level in human foetuses were less than 10% of the adult level. Recently the tissue distribution of CYP3A29 mRNA expression of Bama miniature pigs was investigated using real-time PCR. This study demonstrated an increasing hepatic mRNA expression level in Bama miniature pigs with the age: newborn, forty days, four months, six months and two years. 18 The increasing level of CYP3A29 with age is consistent with the up regulation shown in neonates compared with foetuses. When comparing the results from real-time PCR and western blotting, these reflect similar expression patterns with weak or even missing for foetuses, whereas the bands are more pronounced for neonates Göttingen minipigs in line with the significant up regulation on mRNA level. Although still weak, the bands for CYP3A29 are visibly demonstrated for more neonates than foetuses. It is most likely that this tendency would have been more pronounced if the experiment had included even older minipigs. 18 No sex difference of the relative CYP3A29 mRNA expression level appeared in neither foetuses or newborn Göttingen minipigs. This was in agreement with our expectations, as it previously was shown, that hormones regulates the CYP3A expression in pigs. 23 Likewise no significant sex differences have been found for the hepatic CYP3A mRNA expression level neither in human foetuses 30 nor at the CYP3A4 protein level in men and women. 7 It was also shown that there is a slight interindividual variation in the CYP3A29 mRNA expression level. In this case this is mainly attributed to the genetic difference between individuals, as the Göttingen minipigs is from an outbred population. Similar results have been obtained for the CYP3A29 mRNA expression in Bama miniature pigs 18 and for the CYP3A4 mRNA expression in humans, where a tenfold variation has been demonstrated. 30 Other possible factors which may have an influence on the expression level are for example the environment, pathology, hormonal or nutritional circumstances. These factors have, as far as possible, been eliminated in this experiment by using Göttingen minipigs of both sexes, bred under standardized conditions in a pathogen-free environment.
In conclusion the present study demonstrated that an up regulation of CYP3A29 both on transcriptional and translational level in neonates compared with foetuses occur. This shows that Göttingen minipigs exhibit a similar CYP3A4 like expression pattern as human foetuses and neonates of comparable age, indicating that the Göttingen minipig could be a good model when testing for foetal toxicity.
